This study aims to understand and quantify the potential impact of offshore wind energy on a future electricity system in the U.S. Northeast. In this analysis, a detailed representation of the Northeast power system is adopted, using a generation portfolio for 2024 paired with offshore wind nameplate capacities of 0 gigawatts (GW), 2 GW, and 7 GW. The analysis identifies points of offshore wind interconnection in the ISO-New England and New York Independent System Operator control areas and uses hourly wind profiles from the Wind Integration National Dataset Toolkit. Hourly simulations of the 2024 power system operations show an ability to accommodate the prescribed offshore wind capacities by adapting the system's generation dispatch. Curtailment levels of offshore wind range between 4% and 5%. Offshore wind generation displaces primarily natural-gas combined-cycle generation; however, requires increased flexibility from combined cycles through more frequent start-ups. The number of hours with transmission congestion increases because of offshore wind injection, with varying impact on a subregional level. Offshore wind's capacity credit was found to be 14.5%−28.3% and is lower than estimated in other large-scale power system studies, in part because this study considered a different weather year and a power system representation with higher shares of solar PV and onshore wind. The reliability contribution of resources is a topic area identified for more research and collaboration. The 7-GW scenario shows a reduction in locational marginal price of 11%, with production cost savings of up to 18% compared to the 0-GW scenario.
Executive Summary
This study aims to understand and quantify the potential impact of offshore wind energy on a future electricity system in the U.S. Northeast. In this analysis, a detailed representation of the Northeast power system is adopted, using a generation portfolio for 2024 paired with offshore wind nameplate capacities of 0 gigawatts (GW), 2 GW, and 7 GW. The analysis identifies points of offshore wind interconnection in the ISO-New England and New York Independent System Operator control areas and uses hourly wind profiles from the Wind Integration National Dataset Toolkit. Hourly simulations of the 2024 power system operations show an ability to accommodate the prescribed offshore wind capacities by adapting the system's generation dispatch. Curtailment levels of offshore wind range between 4% and 5%. Offshore wind generation displaces primarily natural-gas combined-cycle generation; however, requires increased flexibility from combined cycles through more frequent start-ups. The number of hours with transmission congestion increases because of offshore wind injection, with varying impact on a subregional level. Offshore wind's capacity credit was found to be 14.5%−28.3% and is lower than estimated in other large-scale power system studies, in part because this study considered a different weather year and a power system representation with higher shares of solar PV and onshore wind. The reliability contribution of resources is a topic area identified for more research and collaboration. The 7-GW scenario shows a reduction in locational marginal price of 11%, with production cost savings of up to 18% compared to the 0-GW scenario. 
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Introduction
The commencement of commercial operation at the Block Island Wind Farm (Rhode Island) in December 2016 marked a major milestone for the nascent U.S. offshore wind industry. With various projects at different stages of development, the industry is positioned to deliver nearly 8-gigawatts (GW) of utility-scale generation 1 in the U.S. Northeast by 2030 (Musial et al. 2016 ). This anticipated growth of offshore wind capacity along the U.S. Eastern Seaboard 2 has led decision makers to shift focus toward understanding the potential impact of this technology on power system operations, rate payer electricity costs, and transmission infrastructure. Each generation type, including offshore wind, impacts the electricity system differently. In planning for a reliable electricity system, it is beneficial to examine a generator's ability and cost to supply electricity to consumers under different system operating conditions. 3 Additional focus is required for hours of interest, which in the U.S. Northeast has historically been during summer peak hours and increasingly during winter cold spells when natural gas demand can exceed supply. Reliable power system operations also require provision of ancillary services, 4 which help maintain system reliability under various operating conditions. This study seeks to answer key questions for the combined ISO-NE and New York Independent System Operator (NYISO) control areas (hereafter referred to as the "U.S. Northeast"): (1) What is the extent of the potential impact from offshore wind on power system operations? (2) What conditions influence the impact of offshore wind generation to power system operations? (3) How does the potential impact from offshore wind compare across ISO and regional transmission operator (RTO) regions and to other variable renewable energy (VRE) 5 generation types?
To answer these questions, the analysis examines different levels of offshore wind capacity scenarios in the U.S. Northeast in a 2024 power system representation using a PLEXOS production cost model detailed in Section 1.1. A range of power system studies have assessed the potential impact of offshore wind on the power system under various levels of offshore wind capacity (Table 1) . Among recent studies, ISO-New England (ISO-NE) (2016) applies a production cost model and seems most comparable to this study in its approach and methodology.
6 It finds reductions in system production costs, wholesale electricity prices, and two major transmission interfaces being less constrained under the studied 1-and 2-GW scenarios for the ISO-NE control area. A recent study by Mills et al. (2018) analyzed the economic value of offshore wind along the U.S. eastern coastline by considering historical wholesale electricity market outcomes and renewable energy certificate prices at hundreds of possible transmission interconnection points. Mills et al. (2018) found a large variation in the average historical market value ($40/megawatt-hour [MWh] to $110/MWh) by project location, with the highest economic value among sites between New York and Massachusetts. The study also concluded that market value of offshore wind varies significantly from one year to another and identifies wholesale electricity and natural gas price reductions attributable to offshore wind through merit-order effects (i.e., offshore wind displacing higher-cost generation from the bid stack). In this analysis, we complement existing studies by assessing the potential operational impact of offshore wind under a future power system representation, with a variety of system performance indicators using the latest data and grid modeling capabilities. Factors that may influence the impact of offshore wind on power system operations include (but are not limited to) the coincidence of (forecasted and actual) offshore wind generation with load patterns, the prevailing local generation portfolio, the proximity to load, plant scale, costs, and performance under low probability events (e.g., power system outages, storms). These factors, and consequently the potential impact of offshore wind resources on electricity system operations, vary geographically and over time. For instance, increased generation from offshore wind (e.g., because of meteorological patterns such as the "sea breeze" effect [Dvorak et al. 2013] ) might be able to offset the decline in generation from solar photovoltaics (PV) as solar radiation fades in the afternoon hours (i.e., commonly described as the "duck curve" effect [California Independent System Operator 2018] ). This offsetting of declining generation by offshore wind during high demand hours of the day can add diversity for system needs, in addition to storage, demand response, or new-build transmission.
Methodology and Assumptions
The bulk of the analysis for this study was conducted during 2018 and reflects the best available data and assumptions available at that time. The authors conducted the analysis approach shown in Figure 1 using a detailed U.S. Northeast power systems representation in PLEXOS (#1a in Figure 1 ), a production cost model developed by Energy Exemplar. Generators on the transmission network were modeled and dispatched to solve for minimum production costs while meeting system requirements for load and reserves in hourly unit commitment and dispatch. We sourced a large set of assumptions and data (#2), including specifications of generators and their characteristics, a transmission network with defined limits, load representation, and other power system parameters for the Eastern Interconnection (which includes ISO-NE and NYISO) from the Eastern Renewable Generation Integration Study (ERGIS) (Bloom et al. 2016) . Additionally, the transmission topology, generator retirements, generator thermal operating limits, and generator operating characteristics were updated from ERGIS as data became publicly available. For the Eastern Interconnection, generation capacity, location and type came from the 2026 "Summer Peak Power MMWG power flow case". Thermal operating limits for existing generators operating limits were updated by analyzing historical data from the U.S. Environmental Protection Agency (EPA) Continuous Emissions Monitoring Systems (CEMS) (Rossol et al. 2019) . The modeled power system represents a future electricity system generation portfolio in 2024, which was combined with a set of prescribed offshore wind nameplate capacity of 0 GW (base scenario), 2 GW, and 7 GW (#3) (Section 1.2). The varying offshore wind nameplate capacities are the only changes in the different scenarios. Installed generation capacity in 2024, except offshore wind, was determined through Regional Energy Deployment System capacity expansion modeling in a previous study using the "2016 Standard Scenarios" 7 (Cole et al. 2016 ). Retirements by 2024 under the "2016 Standard Scenarios" were comprised of scheduled, agebased, and plant utilization retirements, which were not co-optimized with the prescribed offshore wind capacity additions.
8 Offshore wind generation profiles were sourced from Wind Integration National Dataset (WIND) Toolkit data within current Bureau of Ocean Energy Management (BOEM) 9 lease areas, wind energy areas, and Call Areas (Section 1.3). We identified points of interconnection (POI) for offshore wind (Section 1.4) that could accommodate the prescribed offshore wind capacity levels in principle (#4). The analysis focused on the combined ISO-NE and NYISO control areas (#5).
10 Commercial-scale deployment of offshore wind generation resources appear likely by the mid-to late 2020s in this region (Musial et al. 2019) . We integrated market regions outside of the ISO-NE and NYISO control areas in a simplified representation to capture electricity import and export opportunities. Further, we assessed the impact from offshore wind on the U.S. Northeast power system across a set of key performance indicators (KPIs) (#6), including capacity value, transmission interface flows and congestion hours, system production costs, wholesale prices, curtailment levels, and system ramping needs (Table 2 ). These are compared among the 2-and 7-GW offshore wind capacity-level scenarios, the study regions ISO-NE and NYISO, and various generation types (#7). 
Locational marginal price (LMP)
LMP is the marginal cost of supplying, at least cost, the next increment of electric demand at a specific location (node) on the electric power network, considering both supply (generation/import) bids and demand (load/export) offers and the physical aspects of the electric system, including transmission and other operational constraints.
$/MWh
Capacity credit
Capacity credit
Organized and centrally administered Forward Capacity Markets in PJM, NYISO, and ISO-NE are designed to ensure that sufficient capacity is available to reliably meet planning reserve margins. The contribution to overall system adequacy (i.e., the fraction of nameplate capacity that contributes to the top peak net load hours) is a generator's capacity credit, which is calculated differently among ISO/RTO market regions. In this study, the comparison between scenarios is based on the: 1) Aggregate offshore wind capacity factor during the system's top 100 net load hours 2) Equivalent firm capacity based on system-level LOLE (PRAS) 11 % Transmission and congestion
Interface flows
The flow of electricity between a defined set of transmission facilities that separate load zones and ISO/RTO control zones (NYISO 2018a).
Sufficient transmission capacity can enable reliable electricity service to customers, relieve congestion, facilitate robust wholesale market competition, integrate a diverse and changing energy portfolio, and mitigate damage and limit customer outages during adverse conditions. GW 7 A more recent version of the "Standard Scenarios" has become available at the time of publication of this study but was not considered because the bulk of the analysis for this study was completed during 2018. 8 Note that the New York State "Reforming the Energy Vision" targets were not considered for the "2016 Standard Scenarios." 9 BOEM regulates energy and mineral resources on the U.S. Outer Continental Shelf, including offshore wind development. 10 These control areas approximately represent the states of Connecticut, Maine, Massachusetts, New Hampshire, New York, Rhode Island, and Vermont. 11 Source: Dent and Zachary (2013) .
Indicator Metric Unit Interface congestion
Congestion creates constraints on the transmission system (i.e., NYISO [2018a] ).
Hours
System production costs
Total system production costs
The combined expenses from power generation for serving the load of a power system, including those for start-up and shutdown, fuel, variable operation and maintenance, emissions, and electricity imports.
$ Curtailment levels
Curtailment level
Curtailment is a prescribed reduction of scheduled capacity or energy delivery. Curtailment of renewables and thermal generators can be the result of transmission congestion, minimum operating levels of thermal generators or hydropower, or back-feeding in the distribution system. % System flexibility needs
Unit type start-ups
Changes in unit type start-ups can signal the system's changing preference (based on generator characteristics and economics) for different unit types. This metric is weighted by a unit's capacity to enable comparisons of capacity impact with number of starts.
Capacity (GW)-starts
Unit type start-up duration
The amount of time that a unit type remains on-line.
For example, unit types that are typically started a low number of times in a year and stay on-line for few (<48 hours) at a time, are often referred to as peaking units.
Hours Reliability
Type of spinning reserves
Spinning reserves are needed to serve all hours of load reliably (matching any energy imbalances between generation at demand) and to maintain operating and contingency reserves.
Generation type
Source: Based on Beiter et al. (2018b) In addition to exercising the PLEXOS production cost model (#1a), we used a resource adequacy model for this analysis:the Probabilistic Resource Adequacy Suite (PRAS) (#1b)to assess system supply adequacy through loss-of-load probability and expected unserved energy. 12 PRAS represents the same transmission topology and generation resources. It does so by drawing Monte Carlo samples from time-dependent probability distributions describing generator availability as well as interregional power transfer constraints represented in a transportation network flow model. The model analyzes the distribution of possible system operating states 13 to evaluate whether enough firm capacity exists to supply demand at some desired level of reliability. The result of such an analysis is a probabilistic metric, such as loss of load expectation (LOLE) (i.e., the expected value of total number of periods with shortfall across the time horizon studied) 14 or expected unserved energy (i.e., the expected value of total energy shortfall over the time horizon) (North American Electric Reliability Corporation 2018).
In the PLEXOS production cost model, offshore wind, land-based wind, and solar resources (herein referred to as VRE resources) were assumed to have zero marginal costs and to be dispatchable up to their maximum available output. This configuration allows for curtailment of VRE to balance system demands and respect a variety of other generation and transmission constraints. We did not consider investment or production tax credits in the PLEXOS model for determining the operational value of a generation resource. This study was conducted in both the day-ahead and real-time operational phases of the electric power sector and at hourly resolution to capture the impacts of forecast error. 15
Scenarios
The scenarios analyzed in this study for representing offshore wind in a 2024 power system (Table 3) were informed by a combination of previous studies (see Table 1 ) and an offshore wind market potential assessment for the U.S. Northeast. For estimating offshore wind market potential, project capacity was considered which either is contracted through a signed power purchase agreement (PPA) or is needed to meet a state procurement goal and policy commitment before 2030. 16 The only exogenous change implemented in these scenarios was the prescribed capacity injection of offshore wind. 
Data
Electricity system
The market and subregion load profiles combine 1) 2012 load data published by RTOs and independent system operators (ISOs) (Bloom et al. 2016) , and 2) from Federal Energy Regulatory Commission Form 714 for 2012 hourly load data for non-RTO/ISO regions (Federal Energy Regulatory Commission 2016). The load profiles are meteorologically consistent with wind and solar data sets used in this study.
We determined operating reserve requirements dynamically based on methods used in (Bloom et al. 2016) . A reserve product is represented in the PLEXOS production cost model to regulate reserve and contingency reserve requirements. Reserves are procured on a regional basis for NYISO and ISO-NE.
The transmission network was based on the power flow cases maintained by the North American Electric Reliability Corporation's Eastern Interconnection Reliability Assessment Group, Multiregional Modeling Working Group 2026 "summer case." Generators and their operating characters were adopted from the Eastern Renewable Generation Integration Study (Bloom et al. 2016 ).
Wind resource
Wind resource data for this study were derived from the WIND Toolkit (Draxl et al. 2015) and processed using the Renewable Energy Potential (reV) model (National Renewable Energy Laboratory 2018). 18 The WIND Toolkit "technoeconomic" data includes meteorological conditions and turbine power for more than 126,000 sites in the continental United States, including offshore sites, for the years 2007−2013. Gross capacity factors were calculated using a representative power curve for a generic NREL-modeled 6-MW offshore wind turbine . The WIND Toolkit also includes a forecast data set at 1-hour, 4-hour, 6-hour, and 24-hour forecast horizons.
From the expansive set of WIND Toolkit resource sites (based on a 2-kilometer spacing), offshore wind sites were limited to site locations within the current BOEM lease areas, wind energy areas, and Call Areas in the U.S. Northeast, as documented in Musial et al. (2017) . Hourly time-synchronized data for load, offshore wind, land-based wind, and PV from weather year 2012 were used. For load, 2012 was found to be a "normal" weather year, within the WIND Toolkit data range 2007−2013. Additionally, 24-hour-ahead forecast data for offshore and landbased wind were developed. Because of limited offshore wind forecast data, the sites were matched to the nearest land-based WIND Toolkit site and their hourly forecast errors were used to develop 24-hour-ahead offshore wind forecasts.
In a next step, we ranked sites by their economic viability (as proxied by the metric "net value" established in . We chose those sites with the highest "net value" in increments of 16 MW 19 until the prescribed offshore wind capacity scenarios of 2 GW and 7 GW were met.
Points of Interconnection for Offshore Wind
The location of interconnection can influence a generator's impact on the local power system and revenue opportunities. For example, new generation might relieve a locally constrained power system and change interface flows effectively reducing congestion. Conversely, a generator may be dispatched down or curtailed if the connecting lines are severely congested during the time of generation. Offshore wind is geographically positioned to consider (offshore) transmission ties directly into major U.S. coastal load centers (e.g., New York City, Boston, Long Island), which could alleviate some already congested transmission paths (e.g., from upstate New York into New York City or from New York City into Long Island). Among the coastal points of interconnection, several retired or soon-to-retire generators are considered (e.g., at Brayton Point [Massachusetts Clean Energy Center 2014]) because of existing transmission and interconnection infrastructure. These interconnection locations have the ability to facilitate the injection of large amounts of electricity and have previous interconnection agreements with the local transmission owner and ISO.
For identifying potential points of offshore wind interconnection, the prescribed offshore wind capacity levels were assigned to ISO-NE and NYISO in proportion to the offshore wind project pipeline from Musial et al. (2016) that is associated with states within ISO-NE and NYISO. Existing POI above 345 kilovolts (kV) and buses from power plants scheduled for retirement by 2024 (ABB 2018) were evaluated and selected under consideration of possible POI identified by Wilson (2011) . The selected POI are shown in Table 4 and Figure 2 (see Appendix A for a more detailed description). 
Results and Discussion
We compared results between the offshore wind scenarios (referred to as "2 GW" and "7 GW" hereafter) relative to the 0-GW (base) scenario, the study regions ISO-NE and NYISO, 20 and various generation types.
Generation Dispatch
Production cost models simulate power system operations by minimizing power system production costs 21 under a set of power system constraints. Injecting offshore wind capacity at the prescribed 2-GW and 7-GW capacity levels (Table 3) into the modeled ISO-NE and NYISO power system configuration at a marginal cost of $0/MWh results in a displacement of other generation types with higher marginal costs and an increase in ISO/RTO net exports 22 compared to the 0-GW (base) scenario.
As depicted in Figure 3 and Figure 4 , generation in ISO-NE and NYISO in the 2024 0-GW (base) scenario predominately comprises thermal (natural-gas combined-cycle [NGCC]) and nuclear generation. 23 The NYISO annual energy dispatch (Figure 4 ) is more heavily reliant upon hydropower generation in comparison to ISO-NE. Both ISO/RTO regions are importers of electricity from neighboring electricity markets to meet their load of approximately 139 (ISO-NE) and 179 terawatt-hours (NYISO). Under the 2-GW and 7-GW scenarios, offshore wind provides 4.0% and 13.5% of total energy consumption in ISO-NE, respectively; in NYISO, the corresponding share of total consumption is 1.4% (2-GW scenario) and 5.1% (7-GW scenario). The prescribed offshore wind capacity primarily displaces NGCC in both ISO/RTO regions compared to the 0-GW (base) scenario (-7% under the 2-GW and -23% under the 7-GW scenario). The displacement of coal generation corresponds to -2% (2-GW scenario) and -20% (7-GW scenario) in relative terms compared to the 0-GW (base) scenario. Storage usage grows by 4% (2-GW scenario) and 33% (7-GW scenario), respectively. Curtailment levels are discussed in Section 2.7. Both ISO/RTO regions remain net importers of electricity, which is further discussed in Section 2.6.
ISO-NE
Generation
Difference from Base Scenario (0 GW) Note: In the figure to the right, "Gas CT" is natural-gas combustion turbine and "Gas CC" is natural-gas combined-cycle.
In the modeled 2024 system representation, all hours of load are reliably served. In addition to meeting load at all times, the system needs to maintain operating and contingency reserves. 24 In this study, all resources except land-based wind and PV are eligible to provide reserves, including offshore wind, which can provide reserves by curtailing energy. 25 The model is calibrated so that offshore wind resource are able to provide spinning reserve only when curtailed. The primary generation type providing spinning reserves in the 0-GW (base) scenario is NGCC in the U.S. Northeast, supplemented by a variety of other generation types, mostly coal-fired and natural-gas combustion turbines (NGCT) ( Figure 5 ). As offshore wind capacity increments are injected into the power system under the 2-GW and 7-GW scenarios (Figure 6 ), a growing share of spinning reserves is provided by offshore wind reducing the overall amount of reserves provided by other generation types, mostly NGCC. In the 7-GW scenario in NYISO, the reduction of NGCC spinning reserves are replaced by nearly equal shares of NGCT and offshore wind. 25 It has been demonstrated that land-based wind and PV can provide reserves. However, much of the land-based wind and PV modeled in this study represent existing units, which do not have the proper inverters or controls to participate in reserve markets. Future work should examine the impact of allowing other types of VRE to provide reserves.
System Flexibility
A potential impact of the inherent variability of offshore wind is the need for increased flexibility. System flexibility is provided by many types of generators, through ramping, startups, and shutdown. The requirement for flexibility can result in increased production costs, through starting up a NGCT unit (with associated start-up costs) or ramping up a NGCC unit quickly (with associated additional fuel cost). The variability from offshore wind may increase the ramping demand from different generating units, which may be especially impactful (e.g., in terms of operating costs) on those that were not designed for frequent start-ups and shutdowns. "Capacity starts" is a representation of generator starts weighted by their unit nameplate capacity. In the 0-GW (base) scenario, more than 86% of GW-starts are provided by a combination of NGCC and pumped hydropower storage (PS) (Figure 7 ). Figure 8 shows the change in generator start-ups as compared to the base scenario (0 GW). GWstarts remain relatively constant under the 2-GW scenario. Under the 7-GW scenario, there is an increase of NGCC (by nearly 50%) and pumped hydropower storage (by more than 24%) GWstarts.
Figure 8. Change in unit type start-ups in the 2-GW and 7-GW (2024) scenarios in the U.S. Northeast
Correspondingly, the average number of hours that a unit is on-line after a start-up is relatively constant across thermal plants and PS in the 2-GW scenario but decreases for NGCC (-34%) in the 7-GW scenario (Table 5) , indicating increased cycling activity. As shown in Table 5 , the capacity factor of thermal units and PS while on-line (or alternatively, the average dispatch point) overall stays relatively flat. The average capacity factor of NGCC, coal, and NGCT all decrease, because they are all being displaced by offshore wind.
These results suggest that the largest demand of system flexibility from the impact of increasing offshore wind is the NGCC fleet. NGCC experienced increased starts and decreased hours online per start, indicating more frequent cycling. Note that increased O&M costs from increased start-ups to accomodate the prescribed offshore wind injections are not considered (e.g., as part of the system production costs in section 2.5.2). 
Resource Adequacy Assessment
Assessing resource adequacy of a power system gives an indication of reliability level.
Comparing a system before and after the addition of a new generator can assess a generator's contribution toward resource adequacy. Using PRAS, this study quantified the incremental system reliability benefit provided by that new resource, taking into consideration both the availability of the resource every hour over a year, reflecting peak load and net load periods, and its deliverability given transmission system constraints. Because of capacity resources exceeding demand in the U.S. Northeast model (even in the 2024 base scenario), additional capacity interconnected (regardless of capacity contribution, even at 100% firm) was not observed to decrease LOLE. The Long Island region is limited by local area generation and a transmissionconstrained local system to import energy, and ultimately incurs most of the U.S. Northeast's LOLE in the model. This study's base model configuration did not interconnect any offshore wind directly to Long Island. An additional resource adequacy sensitivity was conducted to test the benefit of 1) increasing the transmission capability between New York City (NYC) and Long Island (LI), and 2) interconnecting offshore wind directly to Long Island instead of NYC. Table 6 summarizes the LOLE results from the analysis. Regardless of offshore wind capacity, LOLE of the U.S. Northeast remains at approximately 6.6 hours per year. It should be noted that this effect is driven by Long Island's generation resources and transmission topology and is not specific to wind or its variable nature; even a fully dispatchable resource connected in NYC would be unable to alleviate a potential load shortfall on Long Island. An additional sensitivity case that was tested implied adding 50% transmission capacity between NYC and LI, which resulted in LOLE to decrease to about 0.07 hours per year. If offshore wind generation (or any other generation type) was assumed to be interconnected into the LI region directly, then each increment of offshore wind is shown to benefit LOLE for the LI region. These incremental resource adequacy benefits were calculated by PRAS to correspond to equivalent firm capacities of 31.6% (2 GW) and 15.4% (7 GW). 
Capacity Credit
Beyond assessing a system's reliability through resource adequacy, capacity credit refers to specific benefits of a generator or resource type as it relates to its contribution to meeting demand. Power systems infrastructure has traditionally been planned to meet peak hours. An attribute of offshore wind and other VRE is their inherent variability, which has given rise to questions whether grid operators could rely on VRE during real-time operational demands. These real-time operational demands are particularly relevant during peak hours when the grid is in its most demanding state. 26 Capacity credit is a metric to help understand a resource's contribution to time periods of interest, such as top 100 peak load hours. It represents the possible resource contribution of a power system asset as a percentage of its nameplate rating. The industry has provided a range of values for capacity credit and factor in the U.S. Northeast ranging from 38% (NYISO 2018b) 27 to 40% in NYISO (Ensslin et al. 2008) . GE Power (2010) estimated capacity credit to range between 47% and 51% in a scenario with the best-suited wind sites for development in ISO-NE. These values can be compared in magnitude amongst each other, although hold different methodologies and varying peak hours of interest to make meaningful direct comparisons. In general, offshore wind has been observed to correlate with peak load hours relatively well compared to other VRE generation. One of the factors for a relatively high capacity credit of offshore wind generation resource is sometimes attributed to the "sea breeze effect" (see e.g., Dvorak et al. 2013 ).
This study assessed capacity credit by analyzing the capacity factor of offshore wind resource during the top 100 peak net load hours. Given the notable integration of solar PV and land-based wind in the U.S. Northeast, this study aimed to find the reliability contribution of offshore wind in possible futures that included other VRE sources. Net load in this study represents load with generation from solar PV and land-based wind resources subtracted. Table 7 shows a range of 21.5% (7 GW) to 28.3% (2 GW) capacity factor for offshore wind connected to ISO-NE and 14.5% (7 GW) to 27.1% (2 GW) in offshore wind connected to NYISO. Note that this analysis was limited to studying one year of wind resource data, weather year 2012. Extending to a longer time period would allow for further validation of the external validity of these findings. The joint consideration of offshore wind and other VRE capacity is conjectured to have resulted in a lower capacity credit of offshore wind than other analyses (see e.g., those listed above) have previously found. These other studies have commonly adopted load profiles without consideration for projected capacities of solar PV and land-based wind in a future power system representation. This divergent approach can result in a different peak hour and demand profile: as illustrated in Figures A-1 and A-2 , the average capacity factor of offshore wind tends to decrease in the later afternoon and early evening hours, while higher solar PV penetrations will tend to push peak net load periods into these hours.
If capacity factor is considered during the top 100 peak hours (instead of during the top 100 peak net load hours), we observe a decrease in capacity factor as offshore wind penetration increases from 2 GW to 7 GW. 28 It should be noted that, unlike the equivalent firm capacity metric presented in the previous section, a top hour capacity factor approximation does not consider the impact of newly added VRE resources on shifting peak net load hours to times of lower VRE availability, which further decreases the marginal capacity credit of subsequently added resources. Figure A-1 and Figure A-2 show the top 100 peak load (pre-offshore wind) hours and corresponding offshore wind capacity factor during those hours. 
System Production Costs and Wholesale Electricity Prices
The PLEXOS model simulates system operation by modeling generators and their costs, transmission network and constraints, and optimizing to minimize costs while serving demand. The price is set by the marginal generator unit that is needed to satisfy electricity demand in each hour and is represented by the locational marginal price (LMP). VRE usually requires a capitalintense upfront investment but has relatively low operating and fuel expenses in comparison to thermal generators (e.g., coal, NGCC, NGCT, fuel oil). As a result, VRE generation, such as offshore wind, enters the merit-order bid stack at a marginal cost that is at or close to zero. This can displace the formerly price-setting marginal generator unit, resulting all else being equalin a reduction in the prevailing wholesale electricity price and system production costs.
Wholesale electricity prices
In this analysis, we calculated the impact on LMP under the various offshore wind scenarios by comparing median LMP in relation to the base case (0 GW), as shown in Figure 9 . With the exception of the 2-GW scenario in NYISO, additional offshore wind capacity reduces the prevailing median LMP in comparison to the base case. 29 These reductions are more pronounced in ISO-NE than NYISO. Median LMP reductions range from -1% (2 GW) to -13% (7 GW) in ISO-NE and +1% (2 GW) to -6% (7 GW). The average reduction in median LMP in the 7-GW scenario across the two ISO areas 30 is nearly -11% compared to the base scenario. Median LMP calculation can suppress the occurrences of outliers; however, it still serves as a metric to show potential changes in wholesale electric costs to the U.S. Northeast. LMP does not include other monetized benefits, such as capacity value and flexibility services. Figure 10 shows the frequency of "near-zero" LMPs for the studied scenarios. Increasing amounts of offshore wind resource (at $0/MWh marginal cost) introduce a higher number of near-zero hourly LMPs, which are defined in this analysis as LMPs between -$1/MWh and +$1/MWh. This may result in various generator types with nonzero marginal costs facing a higher likelihood of not being able to recover their fuel and operating costs, which leads to the shift in the ISO-NE and NYISO generation dispatch (Section 2.1) and the decrease in total power system production costs (Section 2.5.2). 
System production costs
Production costs are an indication of the total variable cost to produce electricity, based on generator heat rates, fuel prices, start-up costs, and variable operation and maintenance costs, subject to transmission and reserves constraints. This simulation minimizes production cost as it determines hourly generator dispatch during the year 2024. Figure 11 shows the production cost changes resulting from adding 2 GW and 7 GW of offshore wind in comparison to the 0-GW scenario. They are shown without (left graph) and with (right graph) the cost of importing electricity into the ISO-NE and NYISO control areas. Because ISO-NE and NYISO are both net import regions, their load is partially served by external generators. The import costs were calculated by multiplying the imported energy (MW) with local ISO-NE or NYISO locational marginal price at the time of import. Without consideration for import costs, the results show nearly 5% production cost savings, with 2 GW of offshore wind, and 16% production cost savings, with 7 GW of offshore wind, in comparison to the base scenario. Additionally, when considering total production cost to serve demand in the Northeast, there's an additional 2% production cost savings in the 7-GW scenario from decreased imports, resulting in more than 18% of production cost savings.
U.S. Northeast Without Import Costs Considered
U.S. Northeast with Import Costs Considered
Figure 11. Differences in system production costs in comparison to the 0-GW (base) scenario
These reductions in system production costs are a monetary representation of the impacts of offshore wind. However, this study should not be considered a cost-benefit analysis, as it does not include any fixed cost, such as capital and interconnection costs of integrating offshore wind, or other potential revenue streams or tax benefits.
Interface Flows and Congestion
Because of its proximity to coastal load centers in the United States, offshore wind is commonly thought of as a resource that has the potential to relieve transmission constraints. As offshore wind is injected at the identified coastal POI (Section 1.4) in this study, transmission flows between different interface points change systemwide in the U.S. Northeast. In the 2-GW scenario, there are increased interface flows from Rhode Island into southeast Massachusetts and Connecticut, whereas interface flows decrease from the greater Boston area and Connecticut into Rhode Island and from southern New York (Zone I) into New York City (Zone J) compared to the 0-GW scenario because of increased offshore wind energy injected in coastal load areas ( Figure 12 ). In the 7-GW 2024 scenario, some of the interface flow trends that were identified for the 2-GW scenario intensify as a result of increased offshore wind capacity ( Figure 13 ). Interface flows grow larger from Rhode Island into the greater Boston area and southeast Massachusetts. There is a high volume of interface flows from Connecticut to Rhode Island and in smaller volume into Zone G. In NYISO, there is a large volume reduction in interface flows from southern New York (Zone I) to New York City (Zone J) and from New York City (Zone J) to Long Island (Zone K). Interface flows from northeast Maine into New Hampshire and from Quebec into northern New York (Zone E) decrease. 31 31 NYISO and ISONE are net importers of electricity, and a major source of those imports are from Canada. The Quebec -Zone E interface is not shown in Figure 12 because there is no change in Canadian imports in the 2-GW scenario. In the 7-GW scenario, the amount of imports from Quebec slightly decreases. Because the energy coming from Quebec is largely hydro generation (at very low marginal cost), this energy does not start to be displaced until the 7-GW scenario. The number of congested hours changes between several interface pairs ( Figure 14) without a consistent directional trend, which results in a net increase of total congested hours of +1% in the 2-GW and +4% in the 7-GW scenarios as compared to the 0-GW (base) scenario. This is the result of a combination of the selected points of offshore wind interconnection, the offshore wind (WIND Toolkit) generation profiles, and their coincidence with the broader system production and demand profiles. The increase in congested hours as offshore wind is injected is most pronounced between the interfaces in southern New York (Zone I) and Long Island (Zone K) (+9% under the 7-GW scenario). This interface pair is already highly congested in the 0-GW (base) scenario, with nearly 3,000 congested hours). Conversely, there is a reduction in congested hours between upstate New York (Zone E) and Quebec (-1.9% in the 7-GW scenario). Although the number of congested hours decrease for the interface pair Connecticut-Long Island (Zone K) under the 2-GW scenario by -1.2%, they increase under the 7-GW scenario (+ 0.8%) in comparison to the 0-GW (base) scenario. 
Curtailment Rates of Offshore Wind Generation
Curtailment rates for offshore wind generation in ISO-NE and NYISO were estimated to range between 3.2% and 5.8% (Figure 15 ). These values are above the general range of curtailment rates for land-based wind observed in ISO-NE and NYISO in recent years (Beiter et al. 2018b) . Under the 2-and 7-GW scenario, the average curtailment rates in ISO-NE and NYISO combined 32 is approximately 4% and 5%, respectively. This compares to an estimated average curtailment rate of 9.3% (land-based wind) and 4.3% (solar PV) in the 7-GW scenario.
All else constant, curtailment rates of offshore wind (and other VRE generation sources) are generally expected to increase coincident with higher VRE penetration levels. In a power system where similar generation patterns prevail (e.g., from VRE), supply tends to exceed load more frequently and induce ISO-instructed or economic curtailment. In ISO-NE, the curtailment rate of offshore wind generation grows with increasing offshore wind capacity. However, in NYISO, offshore wind curtailment rates decline as the offshore wind capacity rises. This counter-intuitive finding is likely a result of the combined impact from changing interface flows and a different set of offshore wind resource sites considered under the 2-and 7-GW scenarios. In addition, based on the assumed locations of offshore wind interconnection in this study, the point of interconnection of offshore wind energy into NYISO is geographically near a high load center, 32 Capacity-weighted average. the New York City region. The ISO-NE offshore wind interconnection sites are geographically further from high load centers, such as Boston. Therefore, offshore wind injections in ISO-NE rely more heavily on the transmission infrastructure contributing to higher congestion and possible curtailment. 
Limitations
This study is an assessment of possible impacts from offshore wind injection to the ISO-NE and NYISO power system operations based on the assumptions, methodologies, and data sources documented in this report. In general, production cost models and results are useful tools to inform long-term planning by comparing scenarios and understanding different impacts on KPIs. However, they should not be taken in absolute value as many assumptions on the future scenarios can drive results. This can be improved by running additional future scenarios and capturing a larger data set of load, offshore wind, and other resources.
This impact study should not be considered a cost-benefit analysis, as we did not calculate or consider the cost of constructing, interconnecting, or other necessary system upgrades. Generation resources can also have other revenue streams, such as capacity market payments and production tax credits, which were not included in this study. Offshore wind was connected to the study system with a power systems representation that considers existing points of interconnection based on a "minimum upgrade approach." Production cost models also do not reflect necessary interconnection and operational requirements in an alternating-current system, such as dynamics and stability. In addition to these general modeling limitations, some important caveats to this study include:
• Several KPIs, such as LOLE, have been found to be highly sensitive to the chosen POI location and transmission constraints. The chosen coastal POI were found to be generally capable of delivering most of the resource energy. Assessing POI through energy and resource adequacy models can better identify locations that best provide system benefits.
• The offshore wind generation profile data from 2012 (sourced from the WIND Toolkit) represents a single weather year. Although 2012 was found to be a normal weather year for load, this can limit the inferences that can be made from the presented results onto other years. Further validation of the offshore wind resource data is also necessary to provide a more robust data basis for the inferences made.
• Interconnecting offshore wind, even at retiring power plant sites, is complex and requires additional impact studies, including dynamic and stability studies.
• Higher O&M costs incurred by thermal plants (e.g. NGCCs) because of increased cycling to accommodate the prescribed offshore wind capacities are not considered (e.g., as part of system production costs).
• The power system analyzed in this study was derived based on a set of assumptions and data input and does not necessarily represent a future power system configuration. For instance, improvements in forecasting, maintaining flexible system resources, and subhourly markets may improve a system operators' ability to respond to changing system conditions. Comprehensive transmission and interconnection planning can help optimize the power system as new generation resources, such as offshore wind, are added.
Conclusions
We found that the power system representation for 2024 implemented in this study for the combined ISO-NE and NYISO control areas can accommodate offshore wind capacity injections of 2 GW and 7 GW. Injecting offshore wind into the modeled U.S. Northeast power system changes power system operations. In turn, this leads to the following key impacts:
• Curtailment levels of offshore wind remain relatively low in the combined ISO-NE and NYISO control areas, with 4.1% under the 2-GW scenario; after interconnecting 7 GW of offshore wind nameplate capacity curtailment levels increase by 0.8% to nearly 5%.
• Offshore wind primarily displaces generation from NGCC and NGCT. However, because of increased variability in the net load, NGCC experiences increased starts and decreased hours on-line per start, thereby indicating more frequent cycling.
• Offshore wind injection at the selected coastal POI changes interface flows in the U.S. Northeast, with some relief in coastal load centers in the greater Boston and NYC areas. However, the total number of congested hours increases coincidentally as offshore wind generation flows to load areas in the incremental offshore wind scenarios considered.
• The contribution from offshore wind to resource adequacy was found to be in the range of 14.5%−28.3% for capacity credit, which is lower than determined in other studies that use different methods for the U.S. Northeast. This may be due in part to differing solar PV and onshore wind penetration assumptions between studies, which can shift the system's peak net load hours. Further research is needed in this area to allow for better comparison between studies.
• Injecting offshore wind at a marginal cost of $0/MWh in the U.S. Northeast leads to a change in median LMP of 0% (2 GW) and -11% (7 GW) compared to the 0-GW scenario; total system production costs decrease by 5% (2 GW) and 16% (7 GW) compared to the 0-GW scenario (without considering import costs).
Weighing these impacts relative to other types of generation can help provide a better understanding of the benefits and disadvantages of offshore wind under various system conditions (see e.g., Mills et al. 2018) . Further work will need to analyze some of the power system dynamics identified in this study and provide additional sensitivities, particularly on the points of offshore wind interconnection and under consideration of additional offshore wind resource data.
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Figure A-2. Offshore wind gross capacity factor during top 100 peak hours in NYISO
